Introduction
HIV remains a major global health burden despite advances in antiretroviral (ARV) therapy. Although current ARV therapy can effectively suppress viral activity and reduce plasma viral load to undetectable levels, treatment must be maintained for the lifetime of HIV-infected individuals to prevent viral rebound from the latent viral reservoir (1) (2) (3) (4) . Characterizing the reservoir of latently infected cells -cell type, anatomic location, and longevity -is critical for developing strategies to eradicate the virus. While CD4 + T cells are the predominant target for HIV and SIV in vivo, myeloid cells have also been identified as targets for HIV/SIV. Macrophages are of interest as potential sources of latent virus because of their reported longevity in tissues after differentiation (although recent data have shown that macrophages may proliferate homeostatically) (5) (6) (7) (8) .
In the CNS, macrophages (microglial cells and perivascular macrophages) have been reported to support viral replication in vivo (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . HIV infection of brain-resident macrophages has been associated with development of HIV-1-associated dementia (HAD), encephalitis, and other neurocognitive disorders in HIV-infected individuals (15) . Numerous studies have reported in vitro macrophage infection with virus isolated from brain tissues and/or cerebrospinal fluid of HIV-infected individuals and Asian macaques infected with a neurotropic strain of SIV (20) (21) (22) (23) (24) (25) (26) . Determining how HIV/SIV reaches the brain, whether it establishes a reservoir of replication-competent virus, and how highly active antiretroviral therapy (HAART) impacts HIV/SIV in the CNS remains an open area of investigation. Recent studies have detected HIV/SIV in parenchymal microglia (17, 18) , ARV-naive patients' cerebrospinal fluid (26) , and proliferating perivascular macrophages (8) . Interestingly, although these studies detect HIV/SIV in the CNS, they SIV DNA can be detected in lymphoid tissue-resident macrophages of chronically SIV-infected Asian macaques. These macrophages also contain evidence of recently phagocytosed SIV-infected CD4 + T cells. Here, we examine whether these macrophages contain replication-competent virus, whether viral DNA can be detected in tissue-resident macrophages from antiretroviral (ARV) therapy-treated animals and humans, and how the viral sequences amplified from macrophages and contemporaneous CD4 + T cells compare. In ARV-naive animals, we find that lymphoid tissue-resident macrophages contain replication-competent virus if they also contain viral DNA in ARV-naive Asian macaques. The genetic sequence of the virus within these macrophages is similar to those within CD4 + T cells from the same anatomic sites. In ARV-treated animals, we find that viral DNA can be amplified from lymphoid tissue-resident macrophages of SIV-infected Asian macaques that were treated with ARVs for at least 5 months, but we could not detect replicationcompetent virus from macrophages of animals treated with ARVs. Finally, we could not detect viral DNA in alveolar macrophages from HIV-infected individuals who received ARVs for 3 years and had undetectable viral loads. These data demonstrate that macrophages can contain replicationcompetent virus, but may not represent a significant reservoir for HIV in vivo.
offer differing perspectives on whether HIV is actively replicating in the CNS and on microglial cell longevity and origin. Further investigation of microglial cell and perivascular macrophage dynamics and infection in the CNS is needed. With the advent of HAART, the incidence and severity of HAD has decreased; however, HIV infection in the CNS remains of interest for characterizing the latent viral reservoir, particularly given lower penetrance of ARVs across the blood-brain barrier (27) (28) (29) (30) . Outside of the CNS, viral DNA has been detected in alveolar macrophages from bronchoalveolar lavage (BAL) (31) (32) (33) and in CD3
-cells presumed to be macrophages in the gastrointestinal tract (32, 34) .
Given the limitations in sampling tissues from HIV-infected individuals, animal models of HIV infection offer valuable opportunities to investigate viral infection and latency longitudinally and across tissue types. Indeed, several SIV models have reported evidence of viral replication in macrophages in vivo (8, 17, (35) (36) (37) (38) (39) (40) (41) . These studies generally identified macrophage infection by detection of viral nucleic acids by in situ hybridization or immunohistochemistry. However, these methods do not necessarily indicate the presence of replication-competent virus, as the pool of nonfunctional viral DNA and RNA vastly exceeds the pool of coding viral proviruses (42) . Further, models where SIV has been shown to replicate in macrophages in vivo have 2 main characteristics in common: rapid disease progression and massive CD4 + depletion -both patterns are rarely observed in canonical HIV/SIV infection (40) . While these SIV models demonstrate the capacity for viral replication in macrophages, additional work examining the role of macrophages in conventional HIV/SIV infections, macrophage infection in the context of ARV therapy, and determining whether macrophages harbor replication-competent virus and in what tissues is necessary.
Recently, we surveyed CD4 + T cell subsets and myeloid cells isolated from mucosal and lymphoid tissues for viral DNA levels in a large cohort of SIV-infected Asian macaques (43 (44) . However, our previous analysis for viral DNA alone did not determine whether or not lymphoid tissue-resident myeloid cells contain replication-competent virus in vivo.
Here, we have examined myeloid cells from the lymphoid tissues of SIV-infected Asian macaques to determine (a) if viral DNA + macrophages contain replication-competent virus; (b) how sequences of virus isolated from contemporaneous CD4 + T cells and macrophages compare; (c) whether viral DNA and replicationcompetent virus can be detected in lymphoid tissue-resident macrophages from ARV-treated animals; and (d) whether tissue-resident macrophages from ARV-treated, HIV-infected individuals have evidence of HIV infection. We found that macrophages with detectable viral DNA can contain replication-competent virus in ARV-naive animals, that the viruses from CD4 + T cells and macrophages are genetically similar, that we were not able to rescue replication-competent virus from lymphoid tissue-resident macrophages from ARV-treated animals despite detection of viral DNA + macrophages, and that alveolar macrophages from ARV-treated, HIVinfected individuals with undetectable plasma viremia contained undetectable levels of HIV DNA.
Results
Study design. To investigate whether myeloid cells harbor replication-competent virus in vivo and in the context of ARV therapy, we isolated tissue-resident macrophages from lymphoid tissues taken at necropsy of SIV-infected Asian macaques (Table 1) . These animals were infected with either SIVsmE543 or SIVmac239 and were sacrificed at various disease stages ranging from the acute phase to simian AIDS (26 animals). These animals had a range of CD4 + T cell counts and viral loads reflecting different disease states. The variety of SIV inocula and disease states offers a range of conditions to assess cellular targeting.
To determine whether viral DNA and replication-competent virus can be detected in lymphoid tissueresident myeloid cells after ARV therapy, we isolated leukocytes from splenic tissue taken at necropsy from a cohort of 19 chronically SIVmac239-infected pigtail macaques that received ARV therapy for at least 5 months (Table 1) . These animals had a range of CD4 + T cell counts and had undetectable plasma viral loads in all but 2 animals. The sorted cells were then cocultured with CEMx174 cells for 3 weeks and cell culture media samples were collected for analysis of virus production via ELISA for SIV p27 Gag (Figure 1 ). The CEMx174 cell line is highly permissive to infection with sooty mangabey-lineage SIV strains and efficiently amplifies low levels of replication-competent virus (45) . This technique is more sensitive in amplifying low levels of virus than cocultures with allogenic primary cells. Irrespective of SIV virus type, we find that CEMx174 cells support viral replication better than either monocyte-derived macrophages or primary CD4 + T cells (Hirsch, unpublished observations). Although differing replication kinetics could impact detection of replication-competent virus, we maintained cell cultures for 3 weeks and were able to detect viral replication from animals with a range of macrophage viral DNA levels. For each animal, we detected viral replication in the cell culture media from coculture with memory CD4 + T cells. In 4 animals, we also detected viral replication in cell culture media from coculture with myeloid cells. The levels of SIV p27 detected in culture media after 1 week were lower from myeloid cell cocultures compared with memory CD4 + T cell cocultures (P = 0.029). Two animals previously reported to have no viral DNA in lymphoid myeloid cells were also analyzed by coculture (Rh760 and RhDB07) and had no detectable SIV in the myeloid cell coculture media.
Genetic comparison of replication-competent virus from memory CD4 + T cells and myeloid cells.
Characterization of HIV/SIV infection of macrophages -including genetic determinants of macrophage tropism and potential viral evolution towards infection of macrophages over the course of infection -remains an open area of investigation. As shown in Figure 1 , we detected replication-competent virus in memory CD4 + T cells and myeloid cells in animals with previously reported detectable viral DNA. To investigate whether the viruses generated in coculture of CEMx174 cells with myeloid cells are genetically comparable to viruses from coculture with memory CD4 + T cells, or whether the viruses within these macrophages had significantly evolved from the viruses within CD4 + T cells, we extracted viral RNA from cell culture media and compared sequences of variable regions 1-4 (V1-V4) of SIV envelope (Env) protein. In addition, viral RNA was extracted from contemporaneous plasma samples for each animal to determine whether viral sequences from tissue-resident cells were compartmentalized compared to circulating virus in the plasma.
Phylogenies of the Env sequences for each animal were constructed using the Kimura 2-parameter model and analyzed for strength of branch support by bootstrapping ( Figure 2 ). Of the 4 animals with replication-competent virus in myeloid cells, Env sequences from myeloid cell cocultures were distributed across the phylogeny for 1 animal (99P052, Figure 2A ) and clustered together for 3 animals (Figure 2 , B-D). CD4 + T cell coculture and contemporaneous plasma Env sequences were distributed throughout each tree in 3 of the 4 animals, with some clustering from each compartment in Rh848 ( Figure 2C) . Two of the 4 animals had simian AIDS at necropsy (Rh848 and 99P052). Irrespective of disease state, the phylogenies of both animals did not indicate significant divergence of Env sequences associated with macrophages and memory CD4 + T cells. Bootstrap analysis of each tree indicated limited significance of branching at most nodes in each tree. Few nodes had bootstrap values over 70 -a common threshold for significant branching -suggesting that genetic differences in each sequence were minor and insufficient for strong phylogenetic distinction. Of the 4 phylogenies, Rh591 had the greatest apparent compartmentalization of macrophage sequences. Posterior probability analysis indicated that there is an 83% chance that macrophage-associated Env sequences were indeed different from CD4 + T cell-associated sequences from Rh591 ( Figure 2D ). When comparing translated Env sequences from Rh591, differences between macrophage and CD4 + T cell-associated sequences occurred primarily in V1/V2 and V4 (Figure 3) . In a small set of sequences, mutations occurred in or around CD4 binding domain residues. These mutations were generally synonymous, mostly occurred in plasma Env sequences, and were not unique to macrophage coculture-derived sequences. Two plasma sequences and a CD4 + T cell-associated Env sequence had a nonsilent mutation in a CD4 binding domain region that encoded aspartic acid instead of glutamic acid at residue 469 (DIDW not EIDW). Taken together, the macrophage-associated Env sequences did not have unique amino acid residues compared with plasma-associated or CD4 + T cell-associated sequences, including mutations at potential N-linked glycosylation sites (no pattern for addition or loss of predicted glycosylation sites) (Figure 3) . Thus, there was no indication that macrophage-associated sequences had modified CD4 binding domain regions compared with CD4 + T cell-associated sequences or plasma Env sequences. Viral DNA and rearranged TCR-γδ DNA in lymphoid myeloid cells from ARV-treated animals. After determining that lymphoid myeloid cells containing viral DNA can also contain replication-competent virus in ARV-naive animals, we next examined lymphoid tissue-resident myeloid cells from ARV-treated animals to investigate the potential role of myeloid cells in the latent viral reservoir. As previously described, we sorted memory CD4 + T cells and myeloid cells from the spleen of Asian macaques who were infected with SIVmac239 and treated with ARV for at least 5 months (Table 1) . When analyzed for viral DNA and rearranged TCR-γδ DNA levels by quantitative PCR (qPCR), 7 of the 17 ARV-treated animals had viral DNA + splenic myeloid cells (41%) ( Figure 4A ). While the frequency of animals with viral DNA + lymphoid myeloid cells is comparable to previously reported data for ARV-naive animals, there were some differences in the ARV-treated cohort compared with untreated animals. In ARV-treated animals, the levels of rearranged TCR-γδ DNA and SIV Gag DNA in myeloid cells were significantly decreased compared with untreated animals (SIV Gag P = 0.017, TCR-γδ P < 0.0001, Figure 4A) .
As with the ARV-naive cohort, we next examined myeloid cells from the 7 ARV-treated animals with viral DNA + splenic myeloid cells for replication-competent virus via coculture with CEMx174 cells. In repeated trials with the same culture conditions used for cells sorted from ARV-naive animals, we were unable to detect replication-competent virus by ELISA for SIV p27 in the cell culture supernatant. Although activation of cells via xenographic interactions with CEMx174 cells in coculture was sufficient to stimulate viral replication in trials with ARV-naive animals, another group utilized TNF-α stimulation of macrophages in coculture with CEMx174 cells to promote viral replication (46) . To determine whether additional stimulation was required to amplify replication-competent virus from myeloid cells of ARV-treated animals, we next cultured sorted splenic memory CD4 + T cells or myeloid cells with CEMx174 cells in the presence of staphylococcal enterotoxin B (SEB) or TNF-α, respectively. To reduce the likelihood that the lack of viral replication was a result of small sample bias, we also increased the scale of each coculture to 7.5 × 10 5 primary cells in each coculture well. For all 3 animals, coculture of memory CD4 + T cells with CEMx174 with SEB stimulation resulted in detectable SIV p27 Gag in cell culture media after 3 weeks ( Figure 4B ). In one animal, we also detected viral replication from unstimulated memory CD4 + T cell coculture after 3 weeks. However, none of the animals had detectable SIV p27 in cell culture media from myeloid cell cocultures with or without TNF-α stimulation after 3 weeks. Importantly, in total we cocultured 6 million splenic myeloid cells from 9 ARVtreated Asian macaques and were unable to rescue replication-competent virus, irrespective of stimulation method. From our previous experience in growing replication-competent virus from myeloid cells of ARV-naive animals, the levels of viral DNA in myeloid cells of ARV-treated animals should have been sufficient for us to detect replication-competent virus. Moreover, in determining which animals to analyze with the addition of TNF-α stimulation in macrophage cocultures, we selected the 3 ARVtreated animals with the highest levels of viral DNA in myeloid cells (0.2, 0.06, and 0.0005 copies of viral DNA/100 sorted macrophages). Given the lower myeloid cell viral DNA levels in the remaining ARV-treated animals and the absence of detectable replication-competent virus in macrophages from the 3 TNF-α-stimulated experiments, we concluded that using TNF-α stimulation for animals with significantly lower viral DNA levels would not yield productive results, as any replication-competent virus present would be at an exceedingly low frequency.
Viral DNA levels in lung CD4 + T cells and alveolar macrophages from ARV-treated HIV + individuals.
While the SIV/rhesus macaque system is an effective model for HIV, SIV and HIV have several inherent differences, and results observed in macaques do not always translate directly to humans. Therefore, to determine if phagocytosis of infected CD4 + T cells might also occur in HIV-infected individuals, we sorted memory CD4 + T cells and alveolar macrophages from the BAL of 9 HIV-infected individuals treated with ARVs for 3 years (Table 2) . Importantly, BAL is a fairly routine procedure in humans where isolation of high numbers (millions) of tissues macrophages is possible. We have had previous success in performing experiments with alveolar macrophages and BALresident T cells (33, 47) . Plasma viremia was undetectable in 6 of these individuals and 1 patient maintained significant levels of plasma viremia. Upon flow cytometric analysis, HIV Gag DNA was detected in memory CD4 + T cells from 4 individuals (44%) and in alveolar macrophages from only 1 individual (11%) ( Figure 5 ). Given that this qPCR assay is sensitive to 1 copy of viral DNA per reaction (48) and that we were able to sort approximately 1 million alveolar macrophages from each BAL sample, the low frequency of viral DNA + alveolar macrophages is unlikely to be due to insufficient sensitivity. Although we were able to sort Figure 3 . Alignment of translated Env sequences from Rh591. Potential N-linked glycosylation sites and variation in amino acid residues were identified by Highlighter analysis. CD4 binding domain residues are indicated with shaded boxes. Identical sequences were grouped with the number of sequences given in parentheses. Amino acid changes and potential glycosylation sites depicted as indicated in the legend. Sequence source is indicated by color: macrophage (blue), CD4 + T cell (red), and plasma (green). The SIVsmE543 master sequence was obtained from the NCBI Nucleotide database. + T cells from BAL. Indeed, some individuals with very low numbers of sorted CD4 + T cells (i.e., 1,000 cells) had undetectable viral DNA. Rearranged TCR-γδ DNA was detectable at low levels in alveolar macrophages from all but 1 individual. Importantly, the only individual with detectable viral DNA within alveolar macrophages (patient 3016) had ongoing viral replication and evidence of T cell phagocytosis with 0.3 copies of TCR DNA per myeloid cell. Thus, we did not find evidence that alveolar macrophages could represent a viable viral reservoir.
Discussion
We previously showed that lymphoid tissue-resident myeloid cells can contain SIV DNA and that these cells may acquire viral DNA via phagocytosis of infected CD4 + T cells (43) . Here, we have isolated lymphoid tissue-resident myeloid cells and memory CD4 + T cells from the same tissue of SIV-infected Asian macaques to examine whether myeloid cells contain replication-competent virus in ARV-naive and ARV-treated animals and, consequently, whether these cells are a potential reservoir of latent virus. We found that (a) in untreated animals, lymphoid tissue-resident macrophages with detectable SIV DNA can also contain replication-competent virus; (b) the replication-competent virus isolated from myeloid cell cocultures is genetically similar to virus isolated from cocultures of memory CD4 + T cells from the same tissue; (c) myeloid cells isolated from the spleen of SIV-infected animals on ARVs for at least 5 months had viral DNA in 40% of animals; (d) levels of viral DNA and rearranged TCR DNA were decreased in ARV-treated animals compared with untreated animals; (e) we were unable to rescue replication-competent virus from splenic myeloid cells of ARV-treated animals; and (f) we did not observe viral DNA in alveolar macrophages taken from BAL of HIV-infected individuals on ARVs with undetectable plasma viremia.
Several SIV models have been used to examine infection of myeloid cells in vivo. However, the models wherein macrophages are routinely infected in vivo are generally characterized by massive CD4 + T cell depletion and highly accelerated disease progression (reviewed in detail in ref. 40 ). For example, Avalos et al. used a dual-infection model with a highly CD4-tropic virus (SIV/17E-Fr) and a neurotropic SIV swarm (SIV/DeltaB760) where CD4 + T cells are dramatically depleted early in infection. In this model, the authors demonstrated that splenic macrophages contain replication-competent virus ex vivo when stimulated in coculture (46) . While these results show that splenic macrophages can support viral replication, applying these findings to HIV disease progression is unclear given the accelerated disease progression and rapid CD4 + T cell loss, both of which are only rarely observed in HIV infection. Others have demonstrated macrophage infection in animals with very low CD4 + T cell counts by depleting CD4 + T cells with an anti-CD4 antibody and examining tissue macrophages for viral RNA by in situ hybridization and immunohistochemistry (39, 49) . While these studies showed the potential for viral replication in myeloid cells, the infected myeloid cells had a short half-life in vivo and, again, the animals exhibited accelerated disease progression. Here, we have examined myeloid cells from animals that were infected with 1 of the 2 most conventional SIV strains that more closely follow patterns of HIV infection. Our animals had a range of viral loads and CD4 + T cell counts, and were sacrificed at varying stages of disease progression. We found that lymphoid tissue-resident myeloid cells can contain replication-competent virus in ARV-naive animals when the myeloid cells contain viral DNA. Given that the levels of SIV detected in cell culture media were lower in myeloid cell cocultures than memory CD4 + T cell cocultures of cells isolated from the same tissue, the frequency of myeloid cells containing replication-competent virus was significantly lower than that of memory CD4 + T cells in the same tissue and consequently limited our ability to sequence high numbers of viral clones within myeloid cells.
Our phylogenetic analysis indicates that the viruses isolated from CD4 + T cell coculture, macrophage coculture, and contemporaneous plasma are genetically similar within each animal. Although posterior probability analysis indicated that sequences from memory CD4 + T cells and macrophages were statistically different in 1 animal (Rh591), several factors limit a conclusion that replication-competent viruses in macrophages differ from viruses from CD4 + T cells in the same tissue. First, bootstrap analysis of each tree indicates limited significance of branching at most nodes in each tree, suggesting that genetic differences between sequences were minor and insufficient for strong phylogenetic distinction. Second, the nonsynonymous mutations observed were not unique to macrophage-associated Env sequences and do not correspond to commonly referenced macrophage-tropic modifications. For example, the translated macrophage-associated Env sequences from Rh591 do not contain amino acid changes homologous to E153G and D167N, D178G, N197D, V200T, N283, or N386D in HIV (50) (51) (52) (53) (54) . Conversely, all of the Env sequences from Rh591 contain an asparagine residue homologous to N173, which is associated with reduced macrophage infectivity in SIVmac251 and SIVmac239 (55, 56) . Although HIV and SIV have varying distributions of potential N-linked glycosylation sites and other structural differences, the absence of major macrophagetropic residues in sequences from Rh591 suggest that any statistical differentiation between macrophage and memory CD4 + T cell-associated Env sequences is not indicative of a developing macrophage tropism. Although memory CD4 + T cells have been identified as the predominant reservoir of latent viral infection (1), investigating the potential role for tissue-resident macrophages in the latent viral reservoir is crucial for understanding latent viral infection persistence in ARV-treated individuals. Here, we examined splenic tissue from 17 ARV-treated pigtail macaques infected with SIVmac239 for viral DNA content and evidence of T cell phagocytosis. The frequency of animals with viral DNA + myeloid cells was similar in the ARV-treated cohort (7 of 17, 41%) compared with previously reported data from ARV-naive animals (10 of 25, 40%) (43) . Although the number of animals with viral DNA + splenic myeloid cells was comparable in ARV-naive and -treated animals, levels of detected viral DNA and rearranged TCR-γδ DNA were significantly reduced in the ARV-treated animals and we could not rescue replication-competent virus in splenic myeloid cells from ARV-treated animals. While we cannot conclude that myeloid cells contain absolutely no replication-competent virus in ARV-treated animals, these results indicate that splenic myeloid cells are not a significant source of latent virus. Moreover, undetectable levels of replicationcompetent virus in ARV-treated animals may be explained in part by turnover of SIV + myeloid cells during ARV therapy (49) .
Overall, our results are consistent with macrophage phagocytosis of infected CD4 + T cells being an important route for myeloid cell acquisition of virus in lymphoid tissues. The genetic similarity between macrophage-associated and CD4
+ T cell-associated sequences suggests that lymphoid tissue-resident macrophages are not preferentially infected with macrophage-tropic viruses and that macrophages may acquire 
HIV/SIV directly from CD4
+ T cells in the surrounding tissue. In addition, the lower levels of viral DNA and TCR-γδ DNA in splenic macrophages from ARV-treated animals may reflect an overall reduction in CD4 + T cell death from viral replication and, consequently, less frequent phagocytosis of dead or dying infected CD4 + T cells. Assessing mechanisms for HIV/SIV infection via phagocytosis requires further investigation, as HIV/SIV may infect macrophages in lymphoid tissues via other interactions with CD4
+ T cells such as cell-to-cell transmission or infection from virus replicating in CD4 + T cells (40, 57) . While several SIV models have been used to study infection of tissue-resident macrophages, analysis of HIV infection of macrophages (in vivo or ex vivo) is more limited largely due to challenges in sample collection from HIV-infected individuals. Many years ago, one group obtained spleen samples from HIVinfected patients (removed for other medical reasons) and found 20-to 100-fold lower levels of viral DNA in macrophages compared with CD4 + T cells (58) . A more commonly sampled site for HIV-infected individuals is BAL. Two studies found that 70% of HIV-infected individuals had low levels of viral DNA in alveolar macrophages (32, 33) . Citing the low levels of viral DNA detected in alveolar macrophages in these studies, the authors noted the possibility of contaminating HIV + CD4 + T cells in the alveolar macrophage population and the difficulties in purely isolating alveolar macrophages due to autofluorescence and/or nonspecific antibody binding. Moreover, alveolar macrophages may phagocytose HIV/SIV-infected CD4 + T cells in the lungs. Indeed, that we found evidence for CD4 + T cell phagocytosis by alveolar macrophages and only found viral DNA in alveolar macrophages of one individual who had ongoing viral replication suggest that if these cells harbor latent virus, it is at very low levels considering that we flow cytometrically sorted more than 3 million alveolar macrophages cumulatively from these subjects.
Investigation of HIV/SIV infection of tissue-resident macrophages was limited to the spleen, mesenteric lymph nodes, and BAL in this study. However, further examination of brain microglial cells and perivascular macrophages in HIV/SIV infection is also necessary to characterize the latent viral reservoir. This includes determining whether brain-resident macrophages harbor replication-competent virus in vivo and investigating how they acquire HIV/SIV -in particular understanding the contributions of direct infection, clearance of viral immune complexes, and potential phagocytosis of infiltrating infected CD4 + T cells. One potential mechanism for acquisition of viral DNA and antigen in the brain, where CD4 + T cells are scarce, may be phagocytosis of antibody/complement-opsonized virions in a manner similar to follicular dendritic cell phagocytosis of viral immune complexes in lymph node B cell follicles (or tethering of opsonized virions extracellularly) (59) (60) (61) . Recent identification of meningeal lymphatic vessels in the brain has further complicated questions about viral entry into the brain (19, 62) . For example, a recent study detected HIV p24 in macrophages lining meningeal lymphatic vessels but also observed that the detected viral sequence was not compartmentalized and originated from the patient's lymph node (19) . New models, including a novel SHIV that induces encephalitis and brain macrophage infection (63) , could help address these questions, although studies using canonical SIV may offer more representative disease pathogenesis. Indeed, significant advances in developing a conventionally progressing neuroAIDS model of SIVsmE543 have been made (20) (21) (22) . Ongoing work characterizing SIV in brain-resident macrophages using a conventionally progressive neuroAIDS animal model may help address some of these outstanding questions, including whether brain macrophages harbor replication-competent virus in ARV-naive and ARV-treated animals.
In conclusion, we have found that (a) in untreated animals, lymphoid tissue-resident macrophages with detectable SIV Gag DNA can also contain replication-competent virus; (b) the replication-competent virus isolated from myeloid cell cocultures is genetically similar to virus isolated from cocultures of memory CD4 
Methods
Animals. To characterize and determine the cellular targets for SIV in vivo, we studied tissues from a diverse cohort of SIV-infected rhesus macaques (RMs) and pigtailed macaques (PTMs). Tissues were obtained at necropsy from 26 RMs (Macaca mulatta) and 19 PTMs (Macaca nemestrina) at a variety of times after infection with SIVmac239 or SIVsmE543 (Table 1) . Animals with simian AIDS were diagnosed by opportunistic infections, lymphomas, or greater than 15% body weight loss.
Human subjects. The pulmonary immune reconstitution inflammatory syndrome (IRIS) study is an ongoing, prospective observational study designed to assess protective and pathological immune responses in the lung after HAART initiation. HIV-infected subjects who planned to initiate HAART based on clinical criteria were asked to undergo bronchoscopy before initiating treatment, 1 month, and 1 year after treatment initiation. Nine HIV-infected subjects who were more than 18 years of age and free of acute respiratory tract symptoms were recruited for this study. Subjects had received combination antiretroviral therapy for 36 months. Clinical details are shown in Table 2 . HAART regimens were not dictated by protocol, but no patient received a CCR5 antagonist. Viral load was determined using either the Roche Amplicor Monitor assay or the Roche Ultradirect assay.
Cell isolation/sorting. Splenic and mesenteric lymph node macrophages and lymphocytes were isolated after tissue digestion. Splenic cell suspensions were treated with ACK lysis buffer (Lonza) after digestion. In some cases single-cell suspensions were cryopreserved. 
CD11b
+ and or CD14 + (Supplemental Figure 1 ). Cells were stained with the live/dead exclusion dye Aqua blue (Invitrogen) and then with antibodies against CD3 (clone SP34-2), CD4 (clone L200), CD95 (clone DX2), CD8 (clone SK8), CD20 (clone L27), HLADR (clone L243), CD14 (clone M5E2), CD45 (clone D058-1283) (all BD Pharmingen); CD28 (clone CD28.2, Beckman Coulter), NKG2A (clone Z199, Beckman Coulter); and CD11b (clone ICRF44, BioLegend). Memory CD4 + T cells and alveolar macrophages from BAL from humans were flow cytometrically sorted. Memory CD4 + T cells were defined as above and alveolar macrophages were sorted based upon characteristic forward-scatter and side-scatter properties as previously described (33) . In our experience, alveolar macrophages cannot be reliably phenotyped using flow cytometry because of their extremely high autofluorescence.
Cell coculture for detection of replication-competent virus. Viably sorted cells were cultured with CEMx174 cells (NIH AIDS Reagent Program, lot 130358) in complete RPMI -RPMI-1640 (HyClone) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone), 2 mM L-glutamine (Gibco), and penicillin/ streptomycin (Gibco). Five-fold dilutions of sorted cells (from 4 ×10 4 to 320 cells) were cultured in triplicate with 5 × 10 4 CEMx174 cells in 96-well round-bottom plates (Corning). Cell cultures were split 1:4 on days 3, 7, 10, 14, 17, and 21. Cell culture media samples were collected on days 7, 14, and 21. Cell culture media were analyzed for virus content via a commercially available ELISA for SIV p27 Gag (Advanced Bioscience Laboratories) according to the manufacturer's instructions. Results were reported as pg SIV p27 per cell, where cell number is the number of primary cells in the tested coculture well.
Coculture of stimulated cells from ARV-treated animals. Memory CD4 + T cells and myeloid cells were sorted from the spleens of ARV-treated animals as described above. Sorted cells (7.5 × 10 5 ) were cultured with 1 × 10 6 CEMx174 cells in 6-well plates with complete RPMI. Cocultures with memory CD4 + T cells were stimulated with 1 μg/ml Staphylococcus aureus enterotoxin B (SEB) (Sigma-Aldrich) or were cultured without stimulation. Cocultures with macrophages were stimulated with 10 ng/ml recombinant human TNF-α (R&D Systems). After 4 days in culture, well volume was brought to the original culture volume by adding complete RPMI containing the corresponding stimulant. Cell culture media samples were collected on days 7, 14, and 28. After day 4, well volume was maintained with complete RPMI without additional stimulant added. Cell culture media were analyzed for virus content via the SIV p27 Gag ELISA according to the manufacturer's instructions. Results were reported as pg SIV p27 per cell, where cell number is the number of primary cells in the tested coculture well.
Sequencing of viral RNA in plasma and cell culture media. Viral RNA was extracted from cell culture media or necropsy plasma using the QIAamp Viral RNA Mini Kit (QIAGEN). cDNA from cell culture media was synthesized using random hexamers and the SuperScript III First-Strand Synthesis Kit (Invitrogen). Reverse transcription of plasma viral RNA was performed using the Thermoscript RT-PCR System (Invitrogen)
